Treatment of Arabidopsis (Arabidopsis thaliana) leaves by extended darkness generates a genetically activated senescence program that culminates in cell death. The transcriptome of leaves subjected to extended darkness was found to contain a variety of reactive oxygen species (ROS)-specific signatures. The levels of transcripts constituting the transcriptome footprints of chloroplasts and cytoplasm ROS stresses decreased in leaves, as early as the second day of darkness. In contrast, an increase was detected in transcripts associated with mitochondrial and peroxisomal ROS stresses. The sequential changes in the redox state of the organelles during darkness were examined by redox-sensitive green fluorescent protein probes (roGFP) that were targeted to specific organelles. In plastids, roGFP showed a decreased level of oxidation as early as the first day of darkness, followed by a gradual increase to starting levels. However, in mitochondria, the level of oxidation of roGFP rapidly increased as early as the first day of darkness, followed by an increase in the peroxisomal level of oxidation of roGFP on the second day. No changes in the probe oxidation were observed in the cytoplasm until the third day. The increase in mitochondrial roGFP degree of oxidation was abolished by sucrose treatment, implying that oxidation is caused by energy deprivation. The dynamic redox state visualized by roGFP probes and the analysis of microarray results are consistent with a scenario in which ROS stresses emanating from the mitochondria and peroxisomes occur early during darkness at a presymptomatic stage and jointly contribute to the senescence program.
Treatment of Arabidopsis (Arabidopsis thaliana) leaves by extended darkness generates a genetically activated senescence program that culminates in cell death. The transcriptome of leaves subjected to extended darkness was found to contain a variety of reactive oxygen species (ROS)-specific signatures. The levels of transcripts constituting the transcriptome footprints of chloroplasts and cytoplasm ROS stresses decreased in leaves, as early as the second day of darkness. In contrast, an increase was detected in transcripts associated with mitochondrial and peroxisomal ROS stresses. The sequential changes in the redox state of the organelles during darkness were examined by redox-sensitive green fluorescent protein probes (roGFP) that were targeted to specific organelles. In plastids, roGFP showed a decreased level of oxidation as early as the first day of darkness, followed by a gradual increase to starting levels. However, in mitochondria, the level of oxidation of roGFP rapidly increased as early as the first day of darkness, followed by an increase in the peroxisomal level of oxidation of roGFP on the second day. No changes in the probe oxidation were observed in the cytoplasm until the third day. The increase in mitochondrial roGFP degree of oxidation was abolished by sucrose treatment, implying that oxidation is caused by energy deprivation. The dynamic redox state visualized by roGFP probes and the analysis of microarray results are consistent with a scenario in which ROS stresses emanating from the mitochondria and peroxisomes occur early during darkness at a presymptomatic stage and jointly contribute to the senescence program.
Leaf senescence is a regulated process that culminates in cell death, occurring either naturally at the last stage of leaf development or due to various stresses (Buchanan-Wollaston et al., 2003; Gepstein et al., 2003; Lin and Wu, 2004; Lim et al., 2007) . Subjecting leaves to extended darkness causes premature senescence, and detached rosettes or leaves that simulate postharvest conditions of leafy vegetables have been commonly used to investigate senescence processes (van der Graaff et al., 2006) . Prior to tissue degeneration, there are changes in peroxisomal and chloroplast metabolism and in chloroplast structure (Thomas and Stoddart, 1980; Zimmermann and Zentgraf, 2005) . This regulated process is characterized by a decrease in expression of photosynthesis-associated genes and induction of specific senescence-activated genes (SAGs) generally involved in macromolecule degradation (BuchananWollaston et al., 2003 (BuchananWollaston et al., , 2005 Gepstein et al., 2003; Lin and Wu, 2004) . The terminal phase of leaf senescence is characterized by DNA fragmentation, membrane deterioration, disintegration of the nuclei and mitochondria, and massive release of free radicals (Yoshida, 2003; Zimmermann and Zentgraf, 2005) . It is suggested that the initial signals for senescence induction can vary from changes in photosynthetic activity, hormone levels, and sugar content to modification in redox homeostasis (Lim et al., 2007; Jing et al., 2008; Zentgraf and Hemleben, 2008) .
Production of reactive oxygen species (ROS; e.g. superoxide [O 2 .2 ], hydrogen peroxide [H 2 O 2 ], hydroxyl radical, and singlet oxygen) occurs mainly in chloroplasts, mitochondria, and peroxisomes during steady-state plant metabolism. As ROS can be a highly toxic molecule, excess levels are scavenged by the antioxidant system composed of enzymes and small molecules like glutathione, ascorbic acid, and NADPH (Mittler, 2002) . The antioxidant network consists of a large number of genes encoding antioxidant enzymes directed to various cellular compartments (Mittler et al., 2004) . The expression profiles of the genes of these ROS-scavenging enzymes are modified in various stresses, such as cold, high light, salt, drought, and heat. However, detailed expression analysis of such genes encoding antioxidative enzymes during darkinduced senescence has not been reported.
Participation of ROS molecules in various biological processes has been demonstrated in growth, flowering, cell cycle progression, senescence, and biotic and abiotic stress responses. (Mittler et al., 2004; Wagner et al., 2004; Foyer and Noctor, 2005; Zimmermann and Zentgraf, 2005; Møller et al., 2007; Miller et al., 2008) . The balance between ROS production and scavenging in the various organelles is disrupted under stress conditions, leading to ROS increase that either serves as a signal or, if uncontrolled, as toxic molecules (Mittler et al., 2004; Møller and Sweetlove, 2010) . In a few stresses, ROS increase has been shown to serve as a signaling molecule. For example, pathogen attack was associated with oxidative burst in the apoplast, leading to a hypersensitive response that culminates in localized cell death (Lamb and Dixon, 1997; Grant and Loake, 2000; Sagi and Fluhr, 2001) . Other stresses such as ozone, UV-B, air pollutants, and wounding are also associated with the generation of ROS burst in the apoplast, leading to cell death (Langebartels et al., 2002; Neill et al., 2002; Overmyer et al., 2003) .
Several lines of evidence support a role for ROS in the cellular deterioration during the dark-induced cell death process, and these processes were suggested to occur in mitochondria, peroxisomes, and chloroplasts Guo and Crawford, 2005; Zentgraf and Hemleben, 2008; Rosenwasser et al., 2010a) . For example, in dark-treated pea (Pisum sativum) tissue, oxidative damage occurred in mitochondria prior to that in peroxisomes and concomitantly with the appearance of senescence symptoms . In Pelargonium cuttings, ROS levels increased in epidermal cytoplasm and chloroplasts concomitantly with a decrease in chlorophyll levels and an increase in SAGs (Rosenvasser et al., 2006; Rosenwasser et al., 2010a) . Developmental senescence might be triggered by ROS (Miao et al., 2004) , which has also been suggested as the cause of early death symptoms in the mutant constitutive expression of PR genes5/onset of leaf death1, in which ROS-related stress was observed in presymptomatic leaves (Jing et al., 2008) . However, similar data for dark-induced senescence in normal leaves are lacking.
Electrons required for ROS detoxification are at least in part drawn from the glutathione-ascorbate cycle, which is one of the key components of the antioxidant system (Noctor and Foyer, 1998) . Perturbation of ROS levels is manifested in concomitant changes in the thiol redox potential (Marty et al., 2009) . The significance of the glutathione redox potential in coping with stress has been discussed in Arabidopsis (Arabidopsis thaliana) plants mutated in glutathione biosynthesis (Meyer, 2008) . In addition to the direct role of glutathione in the detoxification of ROS, the glutathione redox state is also considered as a signaling element that is responsible for reducing disulfide bridges on proteins and glutathionylation of proteins (May et al., 1998) . Therefore, changes in the glutathione redox potential or in ROS in specific organelles can lead to the activation of many biological processes, such as transcription, translation, protein interactions, and enzymatic activity (Dietz, 2008; Meyer, 2008) .
New technology for imaging of glutathione redox potential has emerged (Dooley et al., 2004; Hanson et al., 2004; Jiang et al., 2006; Meyer et al., 2007; Schwarzländer et al., 2008) . GFP, in which surfaceexposed amino acids were substituted with Cys to form reduction-oxidation-dependent disulfide bonds, resulted in redox-sensitive GFP (roGFP), which responds to changes in ROS. These probes, which are ratiometric by excitation, eliminate errors resulting from probe concentration, photobleaching, and variable thickness of the tissue . Kinetic analysis of the purified protein as well as in vivo experiments have confirmed that roGFP is in equilibrium with the glutathione redox potential and therefore can serve as a sensor for measuring the potential of the glutathione redox buffer (Meyer et al., 2007) . We have recently reported that roGFP-expressing plants can also be analyzed ratiometrically by a fluorometerbased assay (Rosenwasser et al., 2010b) .
Bioinformatic analysis of ROS-linked stresses described by Gadjev et al. (2006) identified transcriptome footprints that are common to several ROS stresses or unique to a ROS signal emanating from a specific organelle. This approach has been used to analyze ROS-related events in a senescence-related mutant (Jing et al., 2008) . Hence, this analysis provides a tool to identify organelle-specific ROS signals. Bioinformatic or biochemical evidence for the involvement of ROS or the modulation of redox potential in the induction of senescence due to dark treatment is not available, and the temporal analysis of events upon transfer to darkness can reveal early events that may act as primary triggers for senescence. While metabolic and hormonal changes have been described during dark treatment (Lin and Wu, 2004; van der Graaff et al., 2006) , the relation to the redox state has not been examined.
Therefore, in this work, we combined organelletargeted roGFP analysis with transcriptome analysis to dissect ROS-related events during extended darkness. The early dark-induced modified genes were exam-ined for time-resolved expression patterns of antioxidant network genes of the various organelles. In addition, the organelle-specific ROS transcriptome footprints have been examined by comparing our data with data of ROS-related stresses. The results show a correlation between the bioinformatic results and the degree of oxidation in the various compartments as shown by roGFP, leading to new insights into early ROS-related events during the transition to dark.
RESULTS

Global Changes in the Transcriptome following the Transition to Darkness
Our interest is in constructing a senescence model for cut leafy crops; hence, we examined throughout this work the seventh rosette leaf of detached rosettes. As shown in Figure 1 , a decrease in chlorophyll content was apparent in this leaf after 2 d under darkness, and cell death, as determined by staining with Evans blue, was apparent after 5 d. For transcript profiling, samples were harvested following 2, 3, and 5 d under darkness and at the same hour, to minimize circadian effects. Transcript profiling was carried out using Affymetrix ATH1 chips and normalized and processed as described ( Fig. 2 ; see "Materials and Methods"). In order to validate the microarray results, the expression patterns of 12 genes, including SENES-CENCE-ASSOCIATED GENE12 (SAG12), WRKY6, and WRKY53, were followed by quantitative reverse transcription (Q-RT)-PCR and compared with the relative fold change predicted by the microarray data. As shown in Supplemental Figure S1 , the overall expression patterns obtained for both experimental approaches were very similar, validating the microarray expression analysis.
Statistically significant fold change (greater than 2 or less than 0.5) at each time point compared with its untreated control was computed, and 9,704 transcripts showed such a change in at least one time point. Hierarchical arrangement of the results yielded multiple clusters, indicating a complex transcriptome response to dark treatment (Fig. 2) . Analysis of these changes in transcript levels by K-means clustering showed three clusters of early down-regulated genes (Supplemental Fig. S2 , A-C). The early down-regulated clusters contained, among others, photosynthesis genes (KEGG ath00195; P = 4.08 3 10 211 ; e.g. RUBISCO LARGE SUBUNIT and CHLOROPHYLL A/ B-BINDING PROTEIN3). Their expression pattern was confirmed by carrying out Q-RT-PCR (Supplemental Fig. S1 , G and H). In addition, the analysis showed two clusters of late down-regulated transcripts (Supplemental Fig. S2, D and E) . The late down-regulated Hierarchical clustering of up-regulated or downregulated genes during darkness is shown. Gene expression levels were normalized to the level of nondarkened leaves and are displayed as the log 2 ratio. Only genes that showed greater than 2-fold changes, in at least one time point, were included in the analysis.
clusters contain genes of de novo purine biosynthesis (KEGG P02738; P = 5.4 3 10 24 ). Three clusters contained early up-regulated transcripts (Supplemental Fig. S2 , F-H), while one showed delayed-type upregulation (Supplemental Fig. S2I ). The up-regulated genes describe SAGs, and the three clusters were enriched with genes of Val, Leu, and Ile degradation (KEGG ath00280; P = 7.25 3 10
27
). The cluster of late upregulated genes was enriched by endocytosis-related genes (KEGG ath04144; P = 1.23 3 10
). Together, these data reveal a coordinated down-regulation of photosynthetic systems and up-regulation of the senescence response and components of cellular degradation.
Comparison of transcriptome data between different senescence experiments and stresses of dehydration and wounding was carried out in order to examine the possible effects of drought and wounding on gene expression in our system. Transcriptomes of natural senescence of attached leaves, and darkinduced senescence of excised leaves, rosettes, or attached leaves, show high correlation values of at least 0.62 (Supplemental Fig. S3 ). The comparisons of all senescence data sets with those of drought conditions or wounding shows lower correlation values of 0.38 and 0.22, respectively. This analysis indicates that the transcriptome of dark-induced senescence of detached darkened rosettes is distinct, yet correlated with other senescence systems, but well differentiated from drought and wounding stress. This transcriptome platform served to evaluate the expression of ROS-related genes during extended darkness.
Expression Profiles of Antioxidant Network Genes during Extended Darkness
A compilation of 152 genes makes up the Arabidopsis antioxidant network (Mittler et al., 2004) . When the expression of these genes was determined using the dark-induced transcriptome, 82 of 152 of the genes showed 2-fold increase or decrease compared with the wild-type level at any one of the days during darkness. Of those transcripts, 47 of the gene products have been assigned to a specific subcellular localization (Table I) and the other 35 transcripts, which were not clearly assigned to a specific subcellular localization, are presented in Supplemental Table S1 . Table I shows transcript levels on days 2, 3, and 5 in relation to day 0. Examination of the gene expression localized in various cellular compartments shows that transcripts coding for chloroplastic antioxidant enzymes, such as Ascorbate peroxidase (APX; At4g09010, At1g77490), Glutathione peroxidase (GPX; At2g25080, At4g31870), 2-Cys peroxiredoxin (2cysPRX; At3g11630, At5g06290), Ferredoxin thioredoxin reductase (At2g04700), and Thioredoxin M-type4 (At3g15360), were decreased. The transcripts of membrane-associated NADPH oxidases and Ferric reductases were also decreased early during darkness. These results suggest an early reduction in gene products localized either in the chloroplasts or the plasma membranes upon transfer to darkness. It is worthy to note that a number of genes encoding plastidic proteins show a significant increase in transcript abundance under darkness (i.e. Ferrtin1, Immutans, and Thioredoxin m3).
In contrast to the prominence of reduced transcription in the chloroplasts, most of the antioxidant network-related transcripts, such as Copper/zinc superoxide dismutase (Cu/ZnSOD; At1g08830), APX1 (At1g07890), and Peroxiredoxin (At1g65980, At1g60740), whose gene products are localized in the cytoplasm, increased following 2 d of darkness. Transcripts for proteins localized in other compartments showed a mixed response. Analysis of mitochondrial antioxidant genes revealed that, while the expression of Alternative oxidase1D (AOX1D; At3g22370) and of GPX (At2g43350) was not modified until the third and the fifth day, respectively, the expression of Thioredoxin (At1g53300) was decreased. However, AOX (At1g32350) was highly up-regulated on the second day, suggesting that it may be involved in limiting ROS production in mitochondria at this stage.
Analysis of peroxisomal antioxidant genes also revealed a mixed response; while the expression of Cu/ ZnSOD (At5g18100) and Catalase3 (CAT3; At1g20620) did not change, the expression of CAT2 (At4g35090) was down-regulated and that of CAT1 (At1g20630) was up-regulated. Mixed responses were also observed for the additional antioxidant-encoding genes, whose localization is still ambiguous (Supplemental Table S1 ). Q-RT-PCR analysis of a few of the genes, such as members of the APX family, verified the down-regulation of chloroplastic APX4 and the up-regulation of cytoplasmic APX1 (Supplemental Fig. S1 , A and B). Taken together, mitochondrial and peroxisomal antioxidant genes showed a mixed response, while cytoplasmic and chloroplast antioxidant-related genes showed reciprocal expression behavior.
Dark Treatment Stimulates Transcripts That Were Found to Be Induced in Multiple ROS Stresses
The above examination suggests that extended darkness caused a degree of oxidative stress. Gadjev et al. (2006) identified 32 transcripts as being general oxidative markers. These transcripts were examined for dark-induced expression. The analysis revealed that 27 of 32 genes were up-regulated on day 2 and 30 of 32 at later time points (Table II) . The increase in the majority of these general oxidative stress genes occurred early during extended darkness, before the tissue lost 30% of its chlorophyll content or displayed cell death. At this time, some SAGs were expressed, although others were induced later (Figs. 1 and 2; Supplemental Fig. S2 ). The transcript levels of the 32 general oxidative markers were next examined in the extended night data of experiments generated in nondetached rosettes (Usadel et al., 2008) . The analysis shows that 48 h after the "end of the night," 24 of 32 transcripts were up-regulated, while shorter dark periods induced the expression of only a few of the Table I . Expression of antioxidant network genes following the transition to darkness Listed are 47 of 152 genes encoding antioxidative proteins (Mittler et al., 2004 ) that exhibited fold change values greater than 2 or less than 0.5 (shaded cells) in at least one time point during the dark period. In the color version (see online article), the up-regulated and down-regulated transcripts are highlighted by red and green, respectively. Only the genes with known localization are presented. The expression patterns of additional genes, whose localization is likely to be in more than one compartment or unknown, are presented in Supplemental Table S1 . Numbers represent fold change values between the indicated days after RMA normalization. P value ranges are marked by asterisks: *** P , 0.01, ** 0.01 , P , 0.05, * P , 0.1. The expression was determined for 2 d (d2), 3 d (d3), and 5 d (d5) under darkness and in relation to nondarkened tissue (d0). chl, Chloroplasts; cyt, cytosol; er, endoplasmic reticulum; mem, membrane; mit, mitochondria; per, peroxisomes; sec, secretory pathway. [See online article for color version of this genes (Supplemental Table S2 ). Thus, the use of different experimental platforms such as nondetached darkened rosettes (Usadel et al., 2008) or detached rosettes (this work) supports the conclusion of the occurrence of oxidative stress due to the dark treatment.
Expression Profiles of Transcripts Involved in ROS Signaling
Several key transcription factors involved in ROS signaling have been identified (Gadjev et al., 2006; Miller et al., 2008) . These are listed in Table III, which   Table II . Temporal changes in general ROS-induced transcripts during extended darkness A list of 32 transcripts representing ROS-induced genes in at least six out of eight stress experiments, as reported by Gadjev et al. (2006) , is presented. Fold change values of 2, 3, and 5 d (d2, d3, and d5, respectively) of dark treatment, in comparison with the nondarkened leaves (d0) of the indicated genes, are shown. Shaded cells contain fold change values of greater than 2. In the color version, the up-regulated transcripts are highlighted by red. The x 2 test was performed to determine that the increase of this group within dark-induced genes is not random and the twotailed P , 0.0001. P value ranges are marked by asterisks: *** P , 0.01, ** 0.01 , P , 0.05, * P , 0.1. The first five genes were found to be increased in seven of eight experiments. [See online article for color version of this table.] Table III . Expression analysis of ROS-induced transcription factors during extended darkness A list of 44 oxidative stress-induced transcription factors was compiled from Gadjev et al. (2006) and Miller et al. (2008) . Data were normalized to nondarkened leaves. Numbers represent fold change values between the indicated days after RMA normalization. P value ranges are marked by asterisks: *** P , 0.01, ** 0.01 , P , 0.05, * P , 0.1. Shaded cells contain fold change values of greater than 2 or less than 0.5. In the color version, the up-regulated and down-regulated transcripts are highlighted by red and green, respectively. [See online article for color version of this shows their expression during dark treatment. The majority (39 of 44) were found to be modified during dark treatment, suggesting a role of these elements in modulating the plant response to darkness. Of these genes, 15 genes were down-regulated following 2 d in darkness. This group includes the genes ZAT12 (At5g59820) and WRKY53 (At4g23810), whose expression was confirmed by Q-RT-PCR (Supplemental Fig.  S1 , E and I) and is likely due to the influence of the light/dark transition. Indeed, the expression of 11 of 15 of these genes was increased when compared with the end of night (Supplemental Table S3 ). The rest of the ROS-related transcription factors were up-regulated on the second day following the transition to darkness (Table III) . Such an expression pattern was confirmed for WRKY6 (At1g62300) by Q-RT-PCR (Supplemental Fig. S1J ). Moreover, inspection of day 3 and day 5 fold changes showed that the induction continues to increase in the majority of transcripts (e.g. AtWRKY75 is 47-, 92-, and 198-fold induced on days 2, 3, and 5, respectively). In addition, analysis of the expression data obtained by Usadel et al. (2008) of night extension revealed that 30 out of 44 genes were up-regulated following 48 h, and none of them was down-regulated (Supplemental Table S3 ). It is interesting that the expression of some of these transcription factors increased earlier than 48 h of extended night. Hence, our analyses support the notion that ROS-related transcription factors are involved in the early events of dark treatment.
Assigning Compartment-Specific Expression to Dark-Induced ROS-Related Genes
The above analysis suggests the involvement of ROS in the dark response, and it was of interest to see if the transcriptome analysis can be used to identify the compartmental source of ROS. Compartment/typerelated ROS-induced genes have been compiled by Gadjev et al. (2006) , where five groups of specific gene expression were identified, as described in Figure 3 . These groups were related to responses of singlet oxygen in plastids, O 2 .2 in chloroplasts or mitochondria, and H 2 O 2 in cytoplasm or peroxisomes. The transcript levels of the genes within each of the groups were examined in our gene expression data, and the relative proportion of up-regulated and down-regulated transcripts during darkness was calculated (Fig. 3) .
One group consists of 289 transcripts that were stimulated specifically by singlet oxygen generated in the flu mutant. Of these transcripts, expression of 126, 128, and 140 genes was modified (fold change values of greater than 2 or less than 0.5) on the second, third, and fifth days of dark treatment, respectively. Most of the genes were decreased on days 2 and 3 (71% and 62%, respectively), whereas on day 5, the expression of an equal number of genes was decreased or increased. This suggests that signals emanating from singlet oxygen in chloroplasts decreased during the early stages of darkness but were induced when darkness persisted.
The second group contains 146 genes that were found to be specifically up-regulated in knockdown mutants of chloroplast superoxide dismutase (KD-SOD). These plants have reduced levels of the enzyme, causing an overproduction of O 2 .2 in the chloroplasts, especially under light. Of these transcripts, the expression of 58, 51, and 71 genes was modified on the second, third, and fifth days of darkness, respectively. About 67% to 83% of these genes were down-regulated during the dark treatment, indicating that this type of ROS stress is absent in extended darkness.
The third group consists of 17 genes that were found to be up-regulated specifically in methylviologen (MV)-treated plants. MV stimulates the generation of O 2
.2 in chloroplasts in light and in mitochondria in both light and darkness (Bowler et al., 1991) . During Figure 3 . Histogram of the distribution of ROS-related gene expression signatures under extended dark treatment. The transcripts with 2-fold change were divided into five groups of ROS-specific transcriptome signatures that were defined by Gadjev et al. (2006) and appear on the x axis. Transcript levels for the second, third, and fifth days of these genes were normalized to the nondarkened leaves. The proportion of upregulated or down-regulated transcripts for each of the groups was determined and calculated as the percentage of total genes modified in each of the categories. Chl, Chloroplast; Cyt, cytoplasm; Mit, mitochondria; Per, peroxisomes; Pl, plastid. The definitions of the five groups were based on data from the flu mutant (singlet oxygen in plastid), knockdown of SOD (superoxide in chloroplast), MV (superoxide in chloroplast or mitochondria), knockout of APX1 (H 2 O 2 in cytoplasm), and CAT-deficient plants (H 2 O 2 in peroxisomes). Numbers below each bar represent the total number of genes that were modified at the indicated times.
the dark period, eight, 10, and eight transcripts were changed on the second, third, and fifth days, respectively, and most of them were up-regulated under darkness, suggesting an increase in this type of signal during darkness. Since such O 2 .2 stress was reported to occur in either the chloroplasts or the mitochondria, it is necessary to distinguish between these two possibilities. In a large microarray survey of conditions that can inflict mitochondrial stress, 20 mitochondriatargeted genes were found to respond to 219 stress conditions (Clifton et al., 2006) . When the dark-induced transcripts were compared to this survey, 17 of 20 were modified (fold change values greater than 2 or less than 0.5) during darkness (Table IV) . This indicates that there is a mitochondrial stress during the dark treatment.
The fourth group (Fig. 3) contains 74 transcripts that were up-regulated specifically in APX deletion mutants (KO-APX1). Such plants show H 2 O 2 -related stress, as this enzyme is responsible for H 2 O 2 scavenging in the cytoplasm (Davletova et al., 2005) . In this case, 24, 24 and 37 transcripts were modified on the second, third, and fifth days, respectively, and most of them were down-regulated (66%, 79%, and 70%; Fig.  3 ). This suggests that cytoplasmic stress signals are low during the dark treatment.
The fifth group consists of 89 genes that were found to be specifically up-regulated in CAT2-deficient plants (CAT2HP1) exposed to high-light conditions (Vanderauwera et al., 2005) . The enzyme is responsible for detoxifying H 2 O 2 in the peroxisomes, and its down-regulation causes an increase in this type of ROS during a shift to high-light conditions. During the dark period, 31, 38, and 61 transcripts were modified on the second, third, and fifth days, respectively, and most of them were up-regulated (83%, 84%, and 85%). Table IV . Expression of stress-induced transcripts encoding mitochondrial proteins during extended darkness Genes encoding mitochondrial proteins that highly responded to 219 stress conditions as compiled by Clifton et al. (2006) are shown. Data were normalized to the nondarkened leaves. Numbers represent fold change values between the indicated days after RMA normalization. P value ranges are marked by asterisks: *** P , 0.01, ** 0.01 , P , 0.05, * P , 0.1. Shaded cells contain fold change values of greater than 2 or less than 0.5. In the color version, the up-regulated and down-regulated transcripts are highlighted by red and green, respectively. [See online article for color version of this table. ] This indicates that stress signals from the peroxisomes are predominant during the dark period as early as the second day.
A more rigorous comparative approach would take into account the direction and size of all changes of transcript levels across the transcriptome and thus would not be subjected to empirically imposed cutoff values. Such a method is afforded by vector analysis and has recently been applied to the analysis of hormone-related transcript induction (Volodarsky et al., 2009) . A profile of 1,000 transcripts that are the most significantly changed and statistically significant was extracted from each ROS-related experiment. The profiles were then queried by the transcript expression values of the extended dark experiments to obtain their signature. In addition to the experiments described by Gadjev et al. (2006) , profiles were extracted from additional ROS-related microarray experiments, including (1) Arabidopsis mutant with the loss of a chloroplastic ferredoxin:NADP reductase (FNR) isoprotein, thought to lead to oxidative stress (see "Materials and Methods"); (2) Arabidopsis cell culture treated with rotenone, an inhibitor of mitochondrial electron transport complex 1 (Garmier et al., 2008) ; and (3) aox1a mutant plants under moderate light and drought conditions (AOX-MLD; Giraud et al., 2008) .
The correlation of extended darkness transcript expression to this database is shown as a color-coded heat map of correlation values (Fig. 4) . The actual correlation values appear in Supplemental Table S4 . The extended darkness data (2, 3, and 5 d under darkness) were normalized either to nondarkened tissue (d2/d0, d3/d0, and d5/d0; Fig. 4) or to the value of the previous day (d3/d2 and d5/d3; Table S4 . Data for the second day (d2) were normalized to those of nondarkened tissue, and data for the third (d3) and fifth (d5) days were normalized to either that of nondarkened tissue or tissue subjected to darkness for 2 d (d2) or 3 d (d3), respectively. The data sets were obtained from KO-APX1 (exposed to high light [HL]; Davletova et al., 2005) , flu mutants (op den Camp et al., 2003) , KD-SOD (Rizhsky et al., 2003) , fnr1 (see "Materials and Methods"), treatment with MV (Kilian et al., 2007) , rotenone treatment (an inhibitor of complex 1 in mitochondrial electron transport; Garmier et al., 2008) , AOX-MLD (Giraud et al., 2008) , treatment with 3-aminotriazole (AT), a potent inhibitor of CAT (Gechev et al., 2005) , and CAT2HP1 (Vanderauwera et al., 2005) . Time indicates the hours following each treatment. min) signature (20.35, 20.20, 20.16 ). These results are consistent with those obtained in the analysis shown in Figure 3 and suggest an increase in ROS-related stress signals emanating particularly from the mitochondria and the peroxisomes and a decrease in signal-related singlet oxygen from the chloroplasts. No correlation was found to KO-APX1-related signatures, indicating that the signature related to H 2 O 2 in cytoplasm is absent during darkness. Analysis of the gene expression on day 3 in comparison with day 2 (d3/d2), in contrast to day 3 in comparison with day 0 (d3/d0), shows a high correlation with the flu signature (0.54). In this respect, it is interesting that a high correlation (0.33) with the flu signature was observed as early as 4 h of dark extension, when we employed the vector analysis of 4-h night extension to the end of night obtained by Usadel et al. (2008;  data not shown). Hence, this difference in the response might be related to the light/dark transition.
Monitoring Changes in the Redox Potential in Subcellular Compartments during Dark Treatment of Arabidopsis
The transcriptome analysis of ROS-related genes suggested the existence of specific subcellular signatures during the dark treatment. It was of interest to examine to what degree these signatures might be reflected in actual measurable redox changes in the cell organelles. Change in the glutathione redox potential is a useful real-time indicator of oxidative stress (Meyer, 2008) . To determine the redox changes in specific cellular compartments during darkness, we measured the degree of oxidation of the roGFP probe in Arabidopsis transgenic lines, which included probes localized in the mitochondria (mit-roGFP1, mit-roGFP2), plastids (pla-roGFP2), cytoplasm (cyt-GRX1-roGFP2), and peroxisomes (per-GRX1-roGFP2; for source description, see Supplemental Table S5 ). Both roGFP1 and roGFP2 were found to be suitable to monitor the glutathione redox potential and display different degrees of oxidation at the steady state due to their different midpoint redox potentials (Schwarzländer et al., 2008; Rosenwasser et al., 2010b) . Quantitative assessment provided by direct fluorometric measurements was limited to 3 d of darkness treatment, as longer periods were found to induce high levels of autofluorescence of unknown origin at 405 nm that obviates measurements (Rosenwasser et al., 2010a (Rosenwasser et al., , 2010b . The results showed a significant increase in the degree of probe oxidation in two mitochondria reporter lines (mit-roGFP1 and mit-roGFP2) as early as the first day under darkness (Fig. 5A) . Similar results of increase in the probe degree of oxidation in the mitochondria (mit-roGFP2 line) as early as the first day of darkness were observed also in the seventh leaf of intact Arabidopsis plants (Supplemental Fig. S4 ). Thus, upon darkness, there is an early oxidation of the glutathione pool in the mitochondria, irrespective of whether leaves are detached. A gradual increase in the probe degree of oxidation starting from the second day was found in the peroxisome line (per-GRX1-roGFP2; Fig. 5B ). However, no changes in the degree of oxidation were found in the cytoplasmic line (cyt-GRX1-roGFP2) during 3 d under darkness (Fig. 5B) . The plastid reporter line showed an initial decrease in the probe oxidation followed by an increase to the initial levels on the third day (Fig. 5A) . The data show that the dark treatments induced differential changes in the subcellular compartments, which are consistent with the mitochondrial and peroxisomal signatures observed in the transcriptome data.
Changes in ROS-Related Events Might Result from Sugar Deprivation
Sugar deprivation occurs rapidly during extended night (Usadel et al., 2008) . Since roGFP oxidation occurred as early as the first day of darkness, it was of interest to examine the effect of Suc addition on mitroGFP2 oxidation (Fig. 6 ). The addition of Suc to detached rosettes during the dark treatment resulted in a degree of oxidation that was similar to control levels prior to darkness. In contrast, the addition of an equimolar concentration of sorbitol showed an increase in mitochondrial roGFP oxidation (Fig. 6) . Thus, supplementing the media with Suc alleviated the increase in mit-roGFP oxidation.
Additional support for the role of sugar starvation in the increase of ROS-related events comes from the analysis of transcriptome data obtained from the starch accumulation-defective Phosphoglucomutase (pgm) mutant. This mutant was shown to have lower Suc levels during the night than wild-type plants (Bläsing et al., 2005) . The expression of general oxidative stress transcripts (Table II; Supplemental Table S2 ) was extracted from the data of the pgm mutant at the end of night (12 h of darkness). The majority of the general ROSinduced transcripts were found to be up-regulated at the end of night in pgm but not in the wild-type plants (Table V) . Indeed, an increase in these specific transcripts also occurred in the wild type, but only at 48 h after darkness (Supplemental Table S2 ). This suggests that oxidative stress can be related to sugar depletion in this mutant. Moreover, when vector correlation analysis was applied to the pgm data generated above, high correlations of 0.45 to 12 h of rotenone and 0.5 to AOX-MLD were found. Since the transcriptomes of both treatments originate from mitochondrial stress, the results are consistent with the pgm mutation having an impact on mitochondrial activity. Taken together, mitochondrial ROS stress early during darkness can be ascribed to the lack of an energy supply.
DISCUSSION Transcriptome Signatures Predict Specific ROS Stress in the Dark
In this study, we have employed different bioinformatic techniques combined with cellular redox-sensitive probes to establish the occurrence of ROS-related events at the early presymptomatic stages of extended dark stress. Treatment of detached rosettes of Arabidopsis by extended darkness leads to a gradual loss of chlorophyll, massive changes in gene expression, and ultimately cell death (Figs. 1 and 2) . ROS stress has been described during the later stages of senescenceinduced cellular disintegration processes Guo and Crawford, 2005; Zentgraf and Hemleben, 2008; Rosenwasser et al., 2010a) , and its significance at early stages of dark treatment is shown here. By analyzing gene expression in relation to the antioxidant network, a mixed response among the organelle-specific antioxidants was observed (Table I;  Supplemental Table S1 ). While nearly all chloroplast antioxidant network genes were down-regulated, cytoplasmic genes of this type were up-regulated. Further insight was obtained by comparing the transcriptome results with the expression of general markers of oxidative stress, compiled by Gadjev et al. (2006; Table II) . In this case, oxidative stress is readily detected as early as the second day of darkness, well before the onset of cell death (Table II) , and has also been observed in another dark-induced senescence system of attached rosettes (Usadel et al., 2008; Supplemental Table S2 ). Indeed, the early (day 2) induction of transcription factors related to oxidative stress, as exemplified in Table III and Supplemental Table S3 , is consistent with these observations. The implications are that skipping 1 d of light is sufficient to generate a signal for major ROS-related transcriptome reorientation.
Analysis of the dark-induced transcript data using the organelle-specific ROS-related transcripts compiled by Gadjev et al. (2006) illustrated the prominent perturbations in peroxisomal and mitochondrial biology (Fig. 3) . In contrast, chloroplast-and cytoplasm-related ROS signals were decreased or did not change during the dark treatment. A nonbiased correlation-based vector approach (Fig. 4) that incorporates additional published transcriptome data further substantiated early correlations with mitochondrial (AOX absence under moderate light and drought and rotenone stress) and peroxisomal (CAT absence under high light and 3-aminotriazole treatment) signatures. Thus, widely different methods for the comparison of multiple experimental platforms have localized extensive adaptations to dark mainly to a reduction in chloroplast activity and the induction of ROS-related mitochondrial and peroxisomal transcripts.
Redox Probe Analysis Shows Organelle-Specific ROS Signals
The transcriptome analysis revealed mainly mitochondria-and peroxisome-related ROS stress. Therefore, we sought corroboration of these observations with actual redox measurements in situ. The roGFP probe is in equilibrium with the glutathione redox potential and was used as a sensor for glutathionebased redox buffer (Meyer et al., 2007) . The probe localized to peroxisomes showed a continuous rise in oxidation state starting from the second day; in contrast, no changes in oxidation of the probe localized to cytoplasm were seen through the third day. Dramatic and early changes were observed for the mitochondria, in which two independent mit-roGFP probes showed an enhanced degree of oxidation after 1 d of darkness ( Fig. 5A; Supplemental Fig. S4 ). These results indicate that rapid oxidation occurred in mitochondria following the transition to darkness. An increase in H 2 O 2 and O 2
.2 content has been demonstrated in isolated mitochondria from pea 11 d after the initiation of the dark treatment . However, these events occurred after deterioration events were already prominent. In contrast, the changes reported here occurred before measurable cell death and as early as the first day of darkness.
The plastid redox state showed the most complex changes: it fell rapidly in the dark transition and rose on day 3 (Fig. 5A ). Similar patterns have been demonstrated for ROS detection in chloroplasts of Pelargonium cuttings when using dihydrodichlorofluorescein diacetate staining (Rosenwasser et al., 2010a) . The reduction in chloroplast ROS-related transcriptome signal, as well as the roGFP2 degree of oxidation at early stages of darkness, can be explained by the transition to darkness. Thus, ROS production in chloroplasts, which occurs mainly due to photosynthetic light reactions, is decreased. In agreement with this, both singlet oxygen-and O 2 .2 -based transcriptome signals in the chloroplast showed negative correlations early under darkness (Figs. 3 and 4) . Upon the transition to darkness, there is also a diminution in the reducing power (Buchanan, 1991) , and this may explain the further increase in probe oxidation on the third day of darkness. The diminution in the reducing power can result from a lower level of antioxidants; indeed, the results of the antioxidant gene network (Table I) , which show a reduction in the expression of antioxidant genes encoding antioxidant enzymes in the chloroplast, sup-port this suggestion. An increase in probe oxidation was detected on the third day and is in agreement with the change in the transcriptome footprint related to the flu mutant, which was accentuated in the day 5/ day 0 comparison (Fig. 3) . Moreover, when the influence of the light/dark transition is minimized (Fig. 4,  d3/d2 ), a significant correlation with genes related to the flu mutant was observed. Although it was suggested that the signal in the flu mutant is solely due to singlet oxygen in chloroplasts (Gadjev et al., 2006) , it is possible that the transcriptome includes signals related to enzymatic fatty acid peroxidation that were observed to occur in this mutant (Przybyla et al., 2008) . As the plants were in continuous darkness, the late signal related to the flu mutant could originate from chloroplast membrane oxidation events. In all, chloroplasts appear to generate a signal relevant to the ROS milieu only during the late stages of dark treatment.
Mitochondrial and Peroxisomal ROS-Related Events May Be Related to Lack of Energy
An increase in mitochondrial oxidation and in transcripts related to mitochondrial ROS signals early during darkness may result from insufficient antioxidant capacity, although this was not the case at least for the antioxidant-related genes (Table I; Supplemental Table S1 ). However, the observed decrease in mitochondrial oxidation level caused by Suc (Fig. 6 ) has linked sugar deprivation to dark-generated ROS. Similarly, reduced electron transfer through the cytochrome c oxidase step due to sugar deprivation resulted in higher production of ROS at the level of mitochondria (Couée et al., 2006) . This scenario is also consistent with the analysis of the pgm mutant, in which depletion of sugars occurs as early as the end of the night. In this case, it was revealed that the general markers of oxidative stress were expressed in the mutant earlier than in wild-type plants (Tables II and  V; Supplemental Table S2 ). Hence, sugar deprivation can cause mitochondrial oxidation and reduce mitochondrial capacity, possibly leading to the increase in mitochondria and peroxisome-based ROS signals detected here.
Fatty acid b-oxidation and the glyoxylate cycle enzymes are localized to the peroxisomes and may provide energy in the dark Pastori et al., 1998) . Indeed, the expression of genes encoding fatty acid oxidation enzymes was increased on the second day under darkness (data not shown). Thus, increase in probe oxidation in peroxisomes during darkness can result from H 2 O 2 generation occurring due to enhanced fatty acid oxidation Pastori et al., 1998) . Similarly, in dark-treated pea plants, it was found that, overall, the ratio of reduced glutathione to oxidized glutathione was strongly decreased. Additionally, increases in O 2 .2 radical production, H 2 O 2 concentration, and lipid peroxidation were detected in peroxisomes from pea plants subjected to darkness (Pastori and Del Rio, 1997; Jimenez et al., 1998) . However, those studies were conducted on a tissue with advanced senescence, suggesting that in pea these events were correlated with the execution of cell death. Our results, which detect very early changes in oxidation and in ROS-related transcriptome, suggest that these are part of the physiological adaptations, as cell death is detected only on the fifth day.
Although the increase in redox state is observed within 2 d in mitochondria and peroxisomes, the cytoplasmic oxidation state remained constant despite the fact that that H 2 O 2 can readily diffuse through membranes via aquaporins (Bienert et al., 2007) . No significant ROS-related cytoplasmic signatures were observed (Fig. 4) , and specific markers of KO-APX1, which reflect a stress related to the increase in H 2 O 2 in the cytoplasm, showed decreased expression during darkness (Fig. 3) . This might be explained by the increase in expression of antioxidative genes, which can detoxify ROS and prevent any increase in cytoplasm oxidation (Table I ). These results suggest that retrograde signals from organelles to the nucleus during dark-induced senescence do not involve a pronounced increase in cytoplasmic ROS.
The exact role of increased mitochondrial oxidation status in senescence activation needs to be elucidated. On the one hand, it is possible that oxidized peptides, produced in the mitochondria due to increase in oxidation, deliver the stress signal to the nucleus, as was recently suggested for other stresses (Møller and Sweetlove, 2010) . Nevertheless, the changes in redox state may lead to modifications of cysteins similar to those occurring in roGFP, and these protein modifications can serve as a transmitter of the darkness signal(s). This signal can serve to activate either protective mechanism against stress or cell death pathways. For example, the transcription factor HsfA2 has been found to alleviate oxidative damage caused by heat stress in Arabidopsis (Zhang et al., 2009) . This transcription factor is increased in our system (Table  III) , which might suggest that it activates the antideath program also in dark-induced senescence. Other lines of evidence support the concept of activation of a death program. For example, a mutation in a gene that hampers complex I function caused a reduction in ROS generation and a delay in senescence (Dutilleul et al., 2003) . Additionally, it was shown that mitochondrion-derived H 2 O 2 and not chloroplast H 2 O 2 plays an important role in acd2-induced cell death (Yao and Greenberg, 2006) . Further support for the involvement of mitochondria in dark-induced senescence comes from the work of disrupting the electron transport chain by damaging the electron transfer flavoprotein. Dark-induced senescence was enhanced in these mutant plants (Ishizaki et al., 2006) .
The finding reported here that early responses to extended dark are centered in the mitochondria and peroxisome leads to the notion that these organelles are the source of senescence signaling.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana) lines used include the wild type (ecotype Columbia), wild-type plants expressing roGFP1 in the mitochondria (mitroGFP1), wild-type plants expressing roGFP2 in the plastids (pla-roGFP2), and wild-type plants expressing GRX1-roGFP2 in the cytoplasm (cyt-GRX1-roGFP2) and peroxisomes (per-GRX1-roGFP2). Descriptions of the lines and the motif used for the localization of roGFP are presented in Supplemental  Table S5 . Plants were handled as described (Rosenwasser et al., 2010b) . The seventh leaf in 5-week-old plants after bolting, grown at 21°C under 12-h days and 12-h nights and illuminated at 80 mmol m 22 s 21 , was used for all experiments. Dark treatment was provided to detached rosettes at 21°C kept on wet paper, and samples were taken between 9 and 11 AM during 1 to 5 d of darkness. Relative water content of leaves during dark incubation was determined as the ratio between the weights before and after water saturation (Smart and Bingham, 1974) . Under the conditions of darkness used, the relative water content remained unchanged (Supplemental Table S6 ). For the examination of the effect of Suc, rosettes of mit-roGFP2 were excised and placed on water containing either 60 mM Suc or sorbitol.
Chlorophyll Determination
Chlorophyll was extracted from two discs (5 mm in diameter) excised from the seventh leaf of an Arabidopsis plant. The discs were boiled for 30 min in 1 mL of 80% (v/v) ethanol. Chlorophyll was determined in 0.5 mL of the extract that had been transferred to 2 mL of acetone, by measuring A 645 for chlorophyll a and A 663 for chlorophyll b (Arnon, 1949) . Each data point represents an average of four to five plants and is expressed in micrograms per disc.
Cell Death Assay
Evans blue enters through ruptured membranes to stain the contents of dead cells and is a common indicator for cell death (Baker and Mock, 1994) . Leaf discs were excised and submerged in 0.25% Evans blue dye in double distilled water for 20 min. The discs were rinsed three times with double distilled water, and chlorophyll was extracted by boiling with 100% ethanol. Evans blue incorporated into the leaf discs was extracted with 1.5% SDS, and the absorbance was determined at 595 nm. Results are expressed as means 6 SE from discs of three leaves of independent plants.
Fluorometric Measurements of roGFP
The roGFP degree of oxidation was determined by the fluorometer Synergy TM2 (BioTek Instruments), as has been described (Rosenwasser et al., 2010b) . Discs were excited by using 400-6 15-nm and 485-6 10-nm filters, and fluorescence values were measured using a 525-6 10-nm emission filter. Fluorescence was first measured in the resting state in each disc. This was followed by the consecutive addition of 50 mM dithiothreitol followed by 1 M H 2 O 2 . (This regimen gave similar results to the regimen described by Rosenwasser et al. [2010b] ). The latter treatments gave maximal reduced or oxidized states of roGFP fluorescence, respectively. Background emission intensities were obtained for 16 leaf discs of wild-type plants exposed to the same excitation wavelengths under the same conditions, and these values were averaged and subtracted from the roGFP values. The degree of oxidation of roGFP was calculated according to Schwarzländer et al. (2008) .
RNA Isolation
RNA was extracted from the seventh leaf of rosettes darkened for different durations. Four leaves from four plants were used for each RNA extraction. RNA was extracted as described using the Spectrum Plant RNA Kit (Sigma; http://www.sigmaaldrich.com/sigma/bulletin/STRN250bul.pdf). Concentration of RNA ranged between 50 and 350 mg mL 21 , and the absorbance ratio (260:280 nm) was 1.9 to 2.2. The extracted RNA was digested and cleaned with the TURBO DNase kit according to the described protocol (http://www. ambion.com/techlib/prot/bp_1907.pdf), and cDNA was prepared using the Verso cDNA kit (Thermo Fisher Scientific). The RNA was used for microarray analysis and for Q-RT-PCR.
Microarray Analysis
The microarray analysis was carried out using the ATH1 Arabidopsis GeneChip microarray (Affymetrix; http://www.affymetrix.com). Samples were taken from the seventh leaf before the dark treatment and after 2, 3, and 5 d under darkness. For each time point, two independent biological replicates were performed. The cDNA labeling and hybridization were carried out at the Center for Genomic Technologies (Hebrew University of Jerusalem). Preparation of labeled copy RNA from total RNA, target hybridization, as well as washing, staining, and scanning of the arrays were carried out exactly as described in the Affymetrix GeneChip instructions.
Statistical analysis was performed by the Genomic Data Analysis Unit (Hadassah Medical School, Hebrew University of Jerusalem). All 20 arrays were normalized by robust multiarray average (RMA) using the Partek Genomic Suite 6.5. The analysis for selecting statistically significant overexpressed or underexpressed genes was performed with a custom-built package written in MATLAB (R2007b) language based on a two-tailed t test, providing the fold change and associated P value for each gene. Genes were considered up-regulated or down-regulated when the fold change values were equal to or greater than 2 or less than 0.5, respectively. P value ranges are marked with asterisks for each presented gene. Clustering analysis was performed by using MultiExperiment Viewer (Saeed et al., 2003) , and functional annotation analysis was performed by using the Database for Annotation, Visualization, and Integrated Discovery (Dennis et al., 2003; Huang et al., 2009 ).
Determination of Gene Expression by Q-RT-PCR
The ribosomal 18S RNA was used as a reference for equalizing the levels of RNA. Forward and reverse primers are summarized in Supplemental Table  S7 . Primers and cDNA concentrations used for the reactions were predetermined as described to enable linear and high-efficient responses (http:// www.abgene.com/downloads/article-SYBRoptimise.pdf). The reaction mixture contained forward and reverse primers and Power SYBR Green PCR Master Mix (Applied Biosystems) in a total sample volume of 20 mL. Reactions were run in duplicate on a Rotor-Gene 3000 PCR machine (Corbett Life Research), using 40 cycles at 95°C for 10 s, 60°C for 15 s, and 72°C for 20 s. Results represent one experiment out of at least two independent experiments, for which usually two preparations of cDNA were examined, exhibiting similar patterns. The data obtained were analyzed with Rotor-Gene 6 software. The qBase quantification software was used, and data are expressed according to the comparative d-d-Ct method (http://medgen.ugent.be/qbase/).
Microarray Data
For microarray results from the databases, CEL files containing Affymetrix expression data were downloaded from Gene Expression Omnibus (GEO) databases (http://www.ncbi.nlm.nih.gov/projects/geo/). The files sets were as follows: GSE10016 (night extension; Usadel et al., 2008) ; GSE3416 (diurnal cycle in the wild type) and GSE3424 (diurnal cycle in pgm mutants; Bläsing et al., 2005) ; GSE5727 (natural senescence; Buchanan-Wollaston et al., 2005) ; GSE10670 (drought stress, 7 d; Perera et al., 2008) ; GSE6583 (drought stress, 2 h; Catala et al., 2007) ; and GSE5627 (wounding stress; Kilian et al., 2007) . RMA-normalized data and fold change values were obtained using ROBIN software (Lohse et al., 2010) . Agilent microarray data of senescence were downloaded from van der Graaff et al. (2006) . Clustering analysis was carried out using Cluster 3.0 software. Java TreeView software was used for viewing the cluster tree.
Vector Correlation to Microarray Data of ROS-Related Experiments
Affymetrix CEL files of ROS-related experiments were downloaded from GEO databases (flu-mutant, GSE10876; FNR1, GSE9402; http://www.ncbi. nlm.nih.gov/geo/), ArrayExpress (AOX MLD, E-ATMX-32; rotenone, E-MEXP-1797; CAT2HP1, E-MEXP-449; http://www.ebi.ac.uk/microarray-as/ae/), and The Arabidopsis Information Resource (AtGenExpress oxidative stress in response to MV treatment; http://arabidopsis.org/servlets/TairObject?type= expression_set&id=1007966941). CEL files of KD-SOD and KO-APX experiments were obtained from Gadjev et al. (2006) . All CEL files were normalized by RMA, and fold change was calculated for all time points of all experiments using the average expression values of the treatment/mutants relative to control. Statistical significance (P values) based on a two-tailed t test were calculated for each gene. CEL file processing and statistical analyses were done using ROBIN software (Lohse et al., 2010) . Only genes that appear in the Affymetrix ATH1 were included in the analysis.
A gene-response index based on these ROS-related experiments was compiled using the same methods used for building Hormonometer (Volodarsky et al., 2009) . The correlation values were represented as a heat map by using the MultiExperiment Viewer.
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